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Summary

The open/closed transition in polymerases is a crucial eveniNid i2plication, and
transcription. We hypothesize that the residues that transmit igmal sfor the
open/closed transition are also strongly conserved. To identify theardgally relevant
residues we use an elastic network model of polymerases andtipeotesidue-specific
response to a local perturbation. In a variety of DNA/RNA pohases, a network of
residues spanning the fingers and palm domains is involved in the opet/ckossition.
The similarity in the network of residues responsible for largéestomain movements
supports the notion of a common induced-fit mechanism in the polynfaragies for
the formation of a closed ternary complex. Multiple sequence aligishews that many
of these residues are also strongly conserved. Residues with the largasitgeadacal
perturbations include, besides the catalytically relevantiwesi others that are not so
obviously involved in the polymerase catalysis. Our results sugggsinutations of the
mechanical "hot spots" can compromise the efficiency of the enzyme.

Running Title: Network of dynamically important residues

Keywords: normal mode analysis; elastic network model; open/closestia;



Introduction

Polymerases play a central role in faithfully copying the genetormation with great
fidelity. Although these enzymes are linked by a common function tiage vastly
different sequences. Despite the possibility that polymeraseshanestappeared early in
evolution, the lack of sequence similarity (except in the asited is surprising. Using
sequence comparison and crystallographic structures, polymerasebeeavelassified
into several different families. The molecular structurea ntimber of polymerases have
been determined (Steitz, 1999). These include the well-chazactetructures belonging
to DNA polymerase | (or pol 1), DNA polymerase(pol a), reverse transcriptase (RT),
and RNA-dependent RNA polymerases. Although the detailed structuretheof
polymerases in the four families (pol I, molRT, and polymerase family X) vary greatly,
they share similar structural features in the U-shaped DMAing cleft. The common
structural feature is described, following the description forkdlemow fragment (Ollis
et al. 1985), using the right hand metaphor with palm, fingers and thunalbirgdg the
various domains. The thumb and fingers domains display considerablaonariat
structures. However, there is a common structural core in time gamain of all
polymerases except those in fioFamily. The common structural core consists of the
conserved arganine residues that bind dNTP and are involved in #igsisabf the
polymerization reaction.

Based on the structures of the binary polymerase-DNA complexeshanterhary
polymerase-DNA-dNTP complex, a model for DNA polymerization been suggested
(Steitz, 1999). In the first step, the duplex DNA binds to the unliganded pagm
triggering the thumb to close around the DNA. Binding dNTP to therpioamplex
causes rotation of the fingers from the open conformation to a clagedlsat is primed
for catalysis. The closed form is required to get a firm gripth®y enzyme on the
substrate while the open form facilitates translocation. Ilearchat the open/closed
transition in DNA/RNA polymerase, which involves large-scatec¢hanical’ movement
of domains, is functionally significant. The purpose of this study fgst determine the
residues that trigger the open/closed transition and then alssesstént to which these
residues are conserved. To achieve this we use normal mogsiarfBlMA) of the
Elastic Network Model (ENM) to analyze DNA/RNA polymerases.

In recent years NMA analysis of ENM of large protein complexage been used to
obtain insights into ligand-induced conformational transitions (Atilgamalet2001,
Delarue and Sanejouand, 2002, Kundu and Jernigan, 2004, Tama and Sangfiugnd,
Zheng and Doniach, 2003). The low-frequency normal modes computed from khe EN
have been successful in describing large-amplitude motions of probenplexes.
Collective motions in the hinge bending regions in the palm and conne€ctinains of
HIV-1 reverse transcriptase have been studied using a Gaussiamknetodel (Bahar et

al. 1999). Delarue and Sanejouand (Delarue and Sanejouand, 2002) used ENM to
investigate the open/closed transition in DNA-dependent polymerase$oand that
such transitions are well described typically by the lowest/ax the second lowest
frequency normal modes deduced from the structure of the open form. &heupr
studies have focused only on the overall motions using the ENM of palgese A
molecular understanding also requires identification of the networksmfues that are
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involved in triggering the domain motions. We hypothesize that if angreemal mode
is linked to a specific biological function that requires accuratedination of inter-
domain motions, the network of residues that are dynamically impadahe normal
mode may be evolutionarily strongly conserved. If this hypothesis hodtsrhutations
of the dynamically relevant residues can compromise the eifigief the enzymes.
Linking conservation of the network of residues and its role in funcéitated dynamics
allows for a mapping between biological functions and the correspondinlgamically
‘hot’ residues.

We establish the hypothesized relation between the dynamical anperof a network
of residues in conformational transitions and their sequence coiservasing four
DNA/RNA polymerases as test cases for which structures rautational data are
available. Extensive analysis reveals striking structuralbgred among the pol families
for the fingers domains (See a review in Steitz 1999 and Doubl&. €999). The
open/closed transition of the fingers domain, observed in sevenéiefaof polymerases
upon dNTP binding, is believed to be the rate-limiting conformatidmahge needed for
tight dNTP binding and subsequent catalysis (induced fit model, Steit. Fa9@wing
the study by Delarue and Sanejouand (Delarue and Sanejouand, 2002)usverfdbe
open/closed transition of the fingers domain in several polymetasestablish our
hypothesis. In all polymerases there is a network of residues sgamitarge part of the
structure that are strongly conserved. Our results show that omgtatf these residues
would adversely affect the domain motions needed to form a tight emmpth the
incoming substrate. The alteration in the normal modes, in respores@drturbation,
shows that communications between residues that are far apaguance and structure
is needed to trigger the mechanical open/closed transition in palyeser The
methodology introduced here is relevant for probing allosteric tramsitin other
biological nanomachines.



Results and Discussion

Our hypothesis is thatlusters of residues that are involved in large-scale domain
movements are also evolutionarily highly conserved. To test this proposal we consider
the biologically important open/closed transition in four DNA/RNAypo¢rases. The
polymerases in the closed form enable the tight interaction hetiveeenzyme and the
template substrate. Thus, it is important to decipher the networksafues that are
involved in this complex reorganization and to assess the extent th wiey are
conserved.

To establish the proposed hypothesis we first identify the normal rfadeach
polymerase that describes the domain movement in the open/classitiaina For the
modes of interest we calculate (see Method) residue leymnss to a local perturbation.
The final step involves correlating the effect of perturbatiospecific residues to their
conservation using multiple sequence alignment.

Identification of the normal mode in the open/closed transion
Taqg DNA polymerase |

Waksman and coworkers (Li et al., 1998) solved the structures oémary complexes
of the large fragment of Thermus Aquatiqd®q) DNA polymerase | bound to a DNA
duplex and dNTP. The transition from the open form (PDB: 2KTQ) talibsged from
(PDB: 3KTQ) of the enzyme is thought to consist of two successtations of helices
N, O, O1 and O2. This complex motion results in the closing ofitigerfpalm crevice
(Li et al., 1998). The O helix (residues 660—671) changes its orientation signifigantl
order to approach the active site (see Figure 1b) so thatrshesifigle-stranded DNA
base of the template can pair with dNTP. This results in $eenably of a productive
closed ternary complex poised for catalysis. Residue Y671 on tredixQ which is part
of the motif B, is highly conserved in pol | family (Delarue et al. 1990).

The NMA analysis (Methods) for the open form structure 2KTQ shtws the

open/closed transition is dominated by mode #4 (overlap=0.50, see amweDahd
Sanejouand, 2002) that involves the fingers domain rotating toward tikie aie. It

describes well the measured conformational change (Figuré"jmnel) involving the
large-scale rotation of the O helix. The motion of O1 and O2 helsonisewhat over-
estimated. The thumb movement predicted by mode #4 is not seen in dsarede
conformational change presumably because it is inhibited in the preskmacéound
DNA duplex.

Bacteriophage T7 RNA pol |

The C-terminal two thirds of T7 RNA polymerase is homologous toptiigmerase
domain of the pol | DNA polymerase family. With the exception &va insertions on
T7 RNA pol, alignment of the homologous regions of T7 RNA pol \Eitleoli Klenow
fragment (KF, Ollis et al. 1985) provides a good fit on the fingersain (Jeruzalmi et al.
1998). Helix Y of T7 RNA pol (residues 644-661) aligns preciselth vinelix O1
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(residues 770-778) of KF — a motif that is also found in Taq pol lofgrthe set of
residues conserved in Pol | family is the Y639 in motif B (hagous to Y766 in KF
and Y671 in Taq pol I) which is believed to be critical to the rgdl stacking of the
active site (Johnson et al 2003).

The NMA analysis for the open form structure (PDB: 1ARO, Jémizat al. 1998)
shows that the open/closed transition is dominated by mode #1 (overlap#ta66)
describes a hinge motion of the fingers domain relative to thefreélsé structure (the
thumb domain is absent in 1ARO). Mode #1 correctly describesntbasured
conformational change (Figure 24! ganel). The observed conformational change also
includes a translational shift of the upper fingers which moves both ends of helix Y.

Human/Rat DNA pol 8

DNA polymerase (pol B) is a small DNA gap-filling polymerase. Structural aligmise
with other polymerases revealed a common active-site geonmetheipalm domain
(Pelletier et al., 1994). However, they differ structurally the thumb and fingers
domains. Structural comparison with the pol | family shows that\tHeelix (residue
276-288) of the thumb domain is the analog of the O helix of palek &l.,1998). The
common function of the two helices is the interaction with the incgndiNTP in the
closed ternary complex. Because motif B does not exist i3 pslin pol | family, it is
proposed that the thumb domain, instead of the fingers domain, inteviltshe
incoming dNTP to form a closed ternary complex (Pelletier et al., 1994).

In the open state (PDBIBPX, Pelletier et al. 1996) to the closed state 1BPY (PDB:
1BPY, Pelletier et al. 1994) transition, a large change in the position of the thumb domain
results in a more closed active site in 1BPY than in 1BRMlgfer et al. 1996 The
NMA analysis for the open structure shows that the open/closedtitnans dominated

by mode #1, with an overlap = 0.73 that is identical to that found ddgride and
Sanejouand (Delarue and Sanejouand, 2002). This mode describes mdtiogeof the
8-KD/fingers domains relative to the thumb/palm domains with bothngasimilar
amplitude (Figure 3a, "™ panel). (The measured conformational change has larger
movement in the thumb domain than in the fingers, which is consisiéntthe 8-
KD/fingers being bound to the DNA duplex). The observed movement oththneb
domain that closes on the palm domain is described by the sub-domiodet #3
(overlap=0.49). This mode describes the hinge motions between the tmahmlan
domains and between the fingers and palm.

HIV-1 Reverse Transcriptase

HIV-1 reverse transcriptase (RT) is responsible for thalytéc transformation of single-
stranded viral RNA into the double-stranded linear DNA. It is aediof two related
chains, p66 and p51, that have four common domains (fingers, palm, thumb and
connection). We will focus on the polymerase activity of p66, forcwhmultiple
structures of different states have been solved. We chose the opeyn form (PDB:
IN5Y, Sarafianos et al. 2002) and the closed ternary form (RBBD, Huang et al.



1998). For analysis in this study, we include p51 in the normal modedat@io but
exclude it from the statistical analysis.

In the transition between 1IN5Y and 1RTD, the fingers tip closes whereuter part of
the fingers domain rotates with respect to the base. Hinge poiritefthiree projecting
loops are near residues 21/45, 58/77, and 130/144 (Huang et al 1998). ThandMgis
(See Methods) for the open form structure IN5Y shows that the apddiransition is
dominated by the mode #4 (overlap=0.51) that describes the rotatidme dahitee
projection loops in the fingers. It gives a good description of the neshsur
conformational change (Figure 4! ganel), although the scale of movement in the rest
of the structure is over-estimated.

Dynamically important residues are strongly conserved
Taqg DNA polymerase |

To test the hypothesis that dynamically relevant clusters sifiues (ones with high
dw values) are also likely to be evolutionarily conserved (with nggidue information)
we calculateddw (Methods) for mode #4.The highe residues are distributed over the
hinge region covering the fingers, palm and thumb domains (Figure 1b). Titieepdgs
(0.28) (Methods) suggests a statistically favorable conservafi the highdw residues.
To obtain a detailed picture of the highly conserved regions we haraireed the
correlation between residue information S ad (Figure 1a, T and 2° panels).
Comparison of the results in the first two panels in Figure lasktearly that clusters
of residues with highdwvalues also have high S values. This correspondence is
particularly impressive for the part of sequence betweedues300 and the C terminal
which covers the fingers and palm domains. The position-specifis-cooeelation
coefficient CC (see Methods) exceeds 0.5 in this region (Fiare® panel). These
results support the proposed hypothesis for this polymerase. Thesef@aw clusters of
high-dw residues in the thumb domain that do not appear to be conserved. yhie ma
because mode #4 does not provide a correct description of the thumb movement.

Bacteriophage T7 RNA pol |

The highéw residues for mode #1 are distributed over the hinge region covering the
fingers and palm domains (Figure 2b). The positive(@42) suggests a statistically
favorable conservation of the highs residues. Comparison of the results in tAeadd

2" panel of Figure 2a shows that clusters of residues withduighalues also have high

S values. The correlation is especially sharp for the pagmqfence between residue 400
and the C terminal which covers the fingers and palm domains. Theopagiecific
cross-correlation coefficient CC (Methods) exceeds 0.5 in #g®om (Figure 2a, '3
panel).

Human/Rat DNA pol B

Because of the importance of two modes (#1 and #3) we calcdatint residues for
both modes. For mode #1, the hiyb-residues are distributed near the fingers/palm
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domains while the thumb is essentially distortion-free (Figure Ba)small 4, value
(0.04) indicates insignificant conservation of the high+tesidues. For mode #3, the
high-0w residues are distributed over both the fingers/palm domains anthuthndd
domain (Figure 3a), and its,40.13) indicates favorable conservation of the lagh-
residues.

Comparison of S andwin the £'and 29 panel of Figure 3a shows the following: First,
the correlation for mode #1 is relatively poor, which is infefredh the lack of a long
contiguous segment of sequence with the position-specific crossatiometoefficient
CC that exceeds 0.5. Secondly, for mode #3 we find a much tettelation for the part

of sequence between 120 and C-terminal (6 clusters are id#ntifie this case CC
exceeds 0.5 in this region (Figure 34, &anel). For mode #3, there are 2 clusters with
high-dw residues on the 8KD/fingers domain (centered at 20 and 100) tihat daatch
with conserved residues (See Figure 3.a). This is consistent ethinccurate
description or overestimation of the fingers movement by mod&gt3his polymerase,
we will focus on mode #3 from now on.

HIV-1 Reverse Transcriptase

For mode #4, the higheo residues are distributed over the hinge region covering the
fingers and palm domains (Figure 4b). The positive(@35) suggests a statistically
favorable conservation of the hidhs residues. The results in the first two panels of
Figure 4a show that clusters of residues with Rghvalues also have high S values.
This correspondence is most definitive for the part of sequencedretesidue 50 and
200 which covers the fingers and palm domains. The position-spedfis-correlation
coefficient CC exceeds 0.5 in this region (Figure #spanel).

The general finding that the clusters of residues that havedhigialues are, to a large
extent, highly conserved for these four polymerases validates our hypothiese

clusters of residues with high degree of conservation are involvéideitarge-scale
domain movements that facilitate ligand binding. This implies thregtaork of residues
that arefar apart in sequence and are spatially distant is conserved for the ‘mechanical’

function of the polymerases.

Identifying the network of dynamically important residues in the
open/closed transition

It is important to identify the set of residues in the signapngcess that trigger the
open/closed transition. To this end we select residues thathigtvéw values from the
fingers/palm domains (See Methods for details). They form aonketwonnected by pair-
wise links between spatial neighbors that are within 10A. Bagetthe elastic energy
stored within each link (See Methods), we rank them and focus on‘thgiseanking’
links (Methods). The clusters of such important residues, which dnespatially apart
and are also well separated in sequence, are identifiecGrasnitting forces between
spatial neighbors through the ‘high-ranking’ links. This supports the existéroag-
range communication in the open/closed transition in polymerases.



Tag DNA polymerase |

The network of highdw residues in the hinge region is formed by 8 clusters (Figure 1b).
The center of this network is formed by Cluster 1 which is linkefiveo neighboring
clusters (Clusters 2, 3, 5, 7, 8), and residues in Cluster 3 are cahtwettiese in Cluster

1, 2, 4 and 6. The residues in these clusters are directly or thdlneked via the high-
ranking links (see Figure 1b"%panel). The interactions between residues from different
clusters are likely to be important in the modulation of the openftloseformational
change. Perturbations due to ligand (dNTP) binding can induce respanbgand-
binding residues (Clusters 1, 3, 5) which can then be transmittedega links, to the
entire hinge region (especially non-ligand-binding residues in Cluéteds 8). Such a
process triggers the functionally important hinge motion, eventuallyltires in the
open/closed transition.

A detailed discussion of the residues in these clusters follows:

1. Residues in Cluster 1 (D610, Y611, S612, Q613, 1614, E615, L616, R617, L619,
L622, E626) and 2 (F632, 1638) are on the fingers/palm interfacet @li 1998).
Some of these are involved in dNTP binding and catalysis (catsanotif A:
605-617). The mutant Taq pol containing hydrophilic substitution 1614K has
significantly reduced fidelity and has a high propensity to extengaiis-(Patel
et al. 2001). Residues L619, L622, F632 and 1638 in Pol | family, are likdig t
involved in the stabilization of the fingers-palm interface and nadidul of the
open/closed conformational change.

2. Residues in Cluster 3 (N666, F667, V669, L670, G672) are located finghes
domain that covers the O helix (660-671). Among these, F667 and G672 are
involved in DNA and dNTP binding. Mutations of the O helix resid(A&861,

1665, F667) show that interactions within O helix residues can contrilbute
fidelity (Suzuki et al. 2000). Finally, V669 and L670 are conserved in Pol | family.

3. Residues in Cluster 4 (F697), 5 (V720, E721, L723, G725) and 6 (M747, F749,
Q754) are on the fingers domain. Some of these (M747, Q754) areddvalv
DNA binding. F697, V720, E721, L723 and F749 are conserved in Pol | family.

4. Cluster 7 (D785) which is located in the palm domain is involved in DNA binding
and catalysis. It is one of the two active-stdeboxylates for catalysis

5. Residues in Cluster 8 (G809, V810, P812, L813, A814) are in the palairdom
V810 and L813 are conserved in Pol | family for their hydrophobicity.

In summary, residues in the 8 clusters with Rdgh{Figure l1a.) are highly conserved.
The conservation of some of these is for functional reasons includargctions with
DNA/ANTP. However, there are a number of strongly conserveddugiesidues that do
not directly interact with DNA/ANTP. Waeassociate their conservation with their
dynamical importance to the normal mode #4 which is responsible for a fingers-closing
conformational change needed for the formation of a tightly closed ternary complex of
polymerase. These residues are good targets for mutagenesigosfudirer examine
how they affect the function, possibly by altering the rate of the open/closedidransi

The proposed link between the conserved residues involved in the noathani
open/closed transition and the polymerase function has some experis@opairt.
Residue 1614 (Cluster 1) and F667 (Cluster 3) which have been showmtatomal
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studies to be critical for high-fidelity DNA polymerization,rastgly support the
connection between the fingers-closing normal mode and the fidelity 8f §Nthesis
(Delarue and Sanejouand, 2002). The critical role of residues iteCBithat serves as a
hinge region to the fingers rotation motion is also evident from the gfiothe
displacement amplitude of mode #4. It corresponds to the deep vallesebetimo sharp
peaks corresponding to the tip regions of the fingers (See Figure ladgmnjrdaa arrow)
that undertakes the largest motion.

Bacteriophage T7 RNA pol |

Just as before, the network of hidt-residues in the hinge region is formed by 8 clusters
(Figure 2b). The center of the network is formed by Cluster 1 wikidimked to five
neighboring clusters (Cluster 2, 3, 6, 7, 8). Residues in Cluster 3 are connected to those in
Cluster 1, 2, 4 and 6. The residues in these clusters are doeuttljirectly linked by the
high-ranking links except for Cluster 5 (see Figure 28, panel). The interactions
between residues from different clusters are important in the atawulof the
open/closed conformational change.

The structural homologue of the fingers and palm domains between T7p@Nand
DNA pol | allows for a mapping between these clusters.

1. Residues in Cluster 1 (D537, G538, S539, C540, S541, G542, A548) are on the
palm domain. Among these the two residues important in catalyS&; Bnd
S539, are identical to Taq pol's D610 and S612. Therefore these maplastter
1 of Taq pol. In addition, G538, C540, S541 and G542 are also conserved
although they are not directly involved in the active site. Intenadetween
residues in C Cluster 2, 3, 6, 7 and those in Cluster 1 aretewtiya C540, S541
and G542.

2. Residues in Cluster 2 (E553, V554, R557, L561, P563, V567, Q568, D569, Y571,
G572, K577) are on the fingers domain. The active site residue B5@8ntical
to Taq pol's D637. Therefore it maps onto Cluster 2 of Taq pol. Otuets as
V554, L561, V567, Y571 and G572 are also conserved although they are not
directly involved in the active site. Hydrophobic residues V554, L56ill¥b71
are involved in inter-cluster interactions with Cluster 1, 3 and 4.

3. Residues in Cluster 3 (M635, A638, Y639, G640, S641, K642, Q649) are on the
fingers domain. It contains dNTP binding residues (M635 and Y639 of mptif B
and helix Y which is homologous to helix O in Taq pol I, therefore itesponds
to Cluster 3 of Taq pol. The conserved residues M635, A638, S641 and K642 ar
involved in inter-cluster interactions with Cluster 1, 2, 4 and 6;

4. Cluster 4, containing L680, W682, E683, S684, V685, S686, V687, T688, V690,
A691, N697, is on the fingers domain. It maps onto Cluster 4 of pbhdpy
structural homology alone (no conserved residues are identified).ohiserged
residues V685, T688 and N697 are involved in inter-cluster intengcivith
Cluster 2 and 3.

5. Residues in Cluster 5 (K741, P742, N762, D770), that are on the fingersi,doma
map to Cluster 5 of Tag pol by structural homology (G732 is identiithl Taq
pol's G725).



6. Residues (P780, N781, V783, H784) in Cluster 6 are on the palm/fingeiscater
in proximity to the motif B-containing Cluster 3. It maps onto Clustef Taq
pol by structural homology. All these residues except V783 are conserved.
7. Residues in Cluster 7 (1810, D812) are on the palm domain. It map€iuster
7 of Taq pol because of the conservation of active-site resid@dd (&hd D812
of T7, are identical with H784 and D785 of Taq pol).
8. Residues in Cluster 8 (E830, T835, V841, P730, K793, V796) are on the palm
domain. It maps onto Cluster 8 of Taqg pol because M832 is identitalTaq
pol M807. All these residues are conserved.

The detailed analysis given above shows that residues in the 8rslusth highéw
(Figure 2a.) are strongly conserved. By structural homology we fouhthéyaall have
corresponding counterparts in Taqg pol I. The high degree of conservation eb$dine
residues is for functional reasons including interactions with DNARINJust as in Taq
pol I, we associate the highly conserved hdgh+esidues that do not interact with
DNA/INTP, as being dynamically relevant in triggering the fisgdosing
conformational change that ensures the formation of a tightly cleseary complex of
polymerase. We predict that mutations of these residues wilbroonise the efficiency
of the function of the polymerase.

The critical role of residues in Cluster 3, that serves Bs@e region to the fingers
rotation motion, is evident from the plot of the displacement ampliddideode #1. It
corresponds to the deep valley between two sharp peaks correspontmgiparégions

of the fingers (See Figure 2d" panel, pointed by an arrow) that undergoes the largest
motion.

The combination of our NMA based method and the structural homology éretWée
RNA pol and Taq pol allows us to link the 8 clusters of intemgctietwork of residues
between the two polymerases. The network of residues in thesériwti®es are highly
conserved and are not only involved in the catalytic function of themgohse but also
in the dynamical function of the open/closed transition. Surprisingly, ih bases a
single normal mode is associated with the dynamical function of fingers closing.

We find only a weak correlation between S @adin the rest of T7 RNA pol (See the
region 1-400 in Figure 2a). The dynamics is not conserved between Taqg pal RINAT
pol in this region, which is consistent with the observation thastiiuetural homology
between these two polymerases is limited only to the fingens/miimains. This
suggests that the critical dynamic role of the fingers domanotishared by the other
domains.

Human/Rat DNA pol B
The network of highdw residues in the hinge region is formed by 6 clusters (Figure 3b)
where the spatial connectivity varies. The center of this nktigdiormed by Cluster 1

which is linked to 4 neighboring clusters (Cluster 2, 3, 4, 6). Theluesiin these
clusters are directly or indirectly linked via the high-rankintksi (see Figure 3b,"%
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panel). The interactions between residues from different cdusiex likely to be
important in the modulation of the open/closed conformational change.

Now we discuss residues in those clusters:

1. Residues in Cluster 1 (H135, F146, E147, R152), Cluster 2 (G179, S180, F181,
G184, G189, D190, D192, V193) and Cluster 3 (V215, D226, T227, L228) are in the
palm domain. Several of these are conserved, but are not direatlyed in dNTP
binding (H135, F146, R152, T227 and L228).

2. Residues in Cluster 4 (R254, R258, 1260, K262, D263, Y265, G268, F272) are
at the palm/thumb interface. F272, which is located within dNTP binpouket, is
known to be critical for maintaining fidelity during the binding of dN(CiPet al. 1999).
Conserved residues Q264 and Y265, although not in contact with DNA or, diM& P
involved in the observed thumb movement. A recent mutational $@psesko et al.,
1998) showed that the mutant Y265C of fbldisplays an increase in both base
substitution and frame shift errors. This is in accord with the itapoe of Y265 in
mediating a conformational change of fingers-closing transition to enlla@@ecuracy
of DNA synthesis (Pelletier et al 1996).

3. Residues in Cluster 5 (Y296) and Cluster 6 (R333) are invoivethe
interaction with dNTP.

In summary, the 6 clusters of conserved residues seem to thatclusters of higide
residues for mode #3. These clusters contain a number of residues strwsp
conservation seems necessary for dynamical reasons. Sontiar above two pol | cases,
for mode #3 of polf, only weak correlation is found between S awd in the
8KD/fingers domains.

Compared with the pol | cases, where the motif B-containing Clusev8ssas a critical
hinge to the fingers movement, the hinge for the thumb movement @& peéms to
involve Clusters 4, 5 and 6. This suggests important roles for both helix & raeatby3
hairpin (residue 290-300) in mediating the open/closed transition. The dyheotesaof
the other clusters may warrant further study. Such study wilidedul in clarifying
whether polf3 employs induced fit mechanism similar to that observed in pahilya
(Sweasy, 2003).

HIV-1 Reverse Transcriptase

The network of highldw residues in the hinge region is formed by 7 clusters (Figure 4b).
The center of this network is formed by Cluster 6 which is linteed neighboring
clusters (Clusters 2, 3, 4, 7). The residues in these clasgdsrectly or indirectly linked,

by the high-ranking links, except for Cluster 5 (see Figure #tpahel). Residues from
different clusters modulate the open/closed conformational change.

Now we discuss residues in some of those clusters:

1. Residues in Cluster 1 (F61, K65) and cluster 2 (R72, L74, V75) dne fingers
domain, forming the hinge of the projecting loop (58-77) which moves most i
mode #4 (See Figure 4a, b). It corresponds to cluster 3 of Taap@ol7 RNA
pol. Mutational study suggested that substitution of D76 (it is neighbtwrivg5
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of Cluster 2) by positively charged and non-polar residues increases the
replication accuracgignificantly (Kim et al. 1998). These observations suggest
that the above loop is likely to be the RT’s analogue of the O dell | in that

both are important to the fingers closing transition. L74 is coaedebut is not
directly in contact with dNTP.

2. Residues in Cluster 3 (Q85, V90, Q91, H96), Cluster 4 (Al14, Y115, F116),
Cluster 5 (D121, F124, K126), Cluster 6 (P150, Q151, P157, A158, Q161) and
Cluster 7 (D185) are in the fingers/palm interface. Among thesgstetl 6
contains several active site residues (Q151, P157), and has tkeetbighso it
corresponds to Cluster 1 of Taq and T7 RNAP. Cluster 4 and 7 alsonceortae
of the active site residues (A114, Y115, F116, D185). Among thesduessi
F124, P150, and Q161 are conserved but not directly in contact with dNTP.

In a recent work of NMA on HIV-1 RT (Bahar et al. 1999), seveegions severely
constrained in the collective motion of RT were identified. Theyespond to its hinge-
bending centers. Two of these regions overlap with our clusters: 1@g¢idh0 overlaps
with Cluster 3 and 4, and region 177-192 overlaps with Cluster 7. Bothrctmaactive

site of catalysis and the NNRTI binding site, which is consistéhttheir critical role in

modulating the functionally relevant collective motion (Bahan.et299). Ourdw-based

method enables us to identify additional clusters (Cluster 1, 2 anfdh@)ge residues in
the fingers domain.

Similar to Taq pol and T7 RNA pol, we find insignificant correlatimiween residue
information anddw in the rest of RT (See the region 200-C terminal in Figurg 4.a
which is in sharp contrast with the good matching discussed abovefuiither hints at
the critical dynamic role unique to the fingers/palm domain whschot shared by the
other domains.

Discussion
Relation to other studies

In several recent studies the powerful ENM have been extendedumiber of novel
ways (Chacon et al. 2003, Wynsberghe et al. 2004). As a complementetatilndiss, in
this work we have introduced a method to probe long range respansedotal
perturbation within the ENM of polymerases. This novel technique allows us to identify
network of residues that are also strongly conserved for ensuringmffopen/closed
transition. Although these new ideas have not been previously explored,odurisw
related to a few previous studies. Using the two lowest frequendgs of the Gaussian
network model of HIV-1 RT, Bahar and coworkers (Bahar et al. 199@jzTet al. 2002)
computed the mean-square fluctuations. They focused on the dynarBidg\bhhibitor
binding/releasing instead of the open/closed transition triggered by imgoracleotide
as studied here. Therefore, it is not feasible to directly compare our restifts fingers-
closing mode #4 with the relevant modes identified in their study.ederyboth studies
attempt to identify hinge region residues that are dynamicailicatrusing different
computational methods. It is interesting to note that the hinge reqhibshigh dw
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values) critical for the open/closed transition partly overlap tiie hinge residues (with
minimal mobility) identified in their work (Bahar et al. 1999).

Dynamically relevant residues are highly conserved

Using the residue-dependent response to a local perturbation in stie ektwork
representation of polymerase structures we have identified anket# residues that
modulate the functionally relevant open/closed transitions. Becduse domain
movements in large protein complexes occur essentially ashagies, coarse-grained
models that neglect the molecular details are remarkably sfgcéBahar et al. 1999,
Delarue and Sanejouand, 2002, Gerstein 1994, Tama and Sanejouand, @ Xeran
and Doniach 2003). As argued earlier (Delarue and Sanejouand, 2002Xmdaiie
amplitude motion of structural fluctuations in the open/closed transpiermits a
description of the low-frequency modes.

For the polymerases, there is a remarkable correlation betthee distributions of
conserved residues and elastic distortion of the relevant norou# along the protein
sequence. The clusters of hidy-residues are mostly distributed around the flexible
joints between relatively rigid structural elements such asdsebr larger compact sub-
domains, and especially at the interface between several sulndoifiaus, besides the
highly conserved aspartate residues in the palm domain which bilNT®, énd the two
metal ions responsible for catalysis, we predict that therstiamegly conserved residues
that communicate over large spatial distances in the open/closesition. These
residues ensure that the domains movements are coordinated dglthdiinding
(required for fidelity) to incoming ligand can occur. Our results suggasimutations of
these residues can compromise the polymerase efficiency. shirighg, there is no
correlation between the coordination number of a residue and its ekioriservation.
It appears that mechanically relevant residues are also encoded mc¢heet

High-dw residues are responsible for induced fit

We find that the clusters of high residues match well with the clusters of conserved
residues for a significant portion of the sequences. The clustéigledw residues not
only contain some catalytically important residues, but also otmserved residues not
involved in substrate binding. The highdw residues form a network that is important in
the modulation of the open/closed conformational change. Perturbations dnbyce
ligand (dNTP) binding trigger deformations in ligand-binding residuesiwtan then be
transmitted via these links to the whole hinge region so thatutieidnally important
motions (here the open/closed transition) can be initiated. The tformaf a closed
ternary complex for polymerization reactions involving fingers olps(induced fit
mechanism) should be operative in all polymerases with high-fidelflication. The
accuracy of the induced fit conformational changes is ensured by dogsie highéw
residues. The contacts between those residues and the substoatethal relevant
normal mode to be sensitive to their binding. This may ensure that lemlgarrect
pairing of dNTP bases can trigger the open/closed conformational change.
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There are also other strongly conserved residues wittddowalues. We speculate that
these residues are conserved for reasons other than the gihewafics associated with
the open/closed transition. They may be needed for ligand binding, for exampl
Secondly there are non-conserved residues with dighrhese are found in the hinge
region of the thumb domain where there is less conservation pregsthiaps, due to
enhanced flexibility. Additional work is required to clarity theirerah the polymerase
functions.

Generality of the proposed method

In this work we have proposed a very general method to link mechHgnioglortant

network of residues and sequence conservation. There are numerous other nano-machines
(molecular motors, chaperones etc) that also undergo larggty body motions in
response to ligand binding. The procedure we have developed, which combitiele m
sequence alignment and the ENM of large structures, can be udedtify the network

of residues that signal such domain movements. Identification ohéicdanically ‘hot’

residues allows design of experiments that can be used to dssastetof these key
residues not directly involved in the active sites.

Experimental Procedures
1. Elastic network model:

Given the G atomic coordinates for a protein’s native structure, we build astiel

network model (Tiron, 1996) by using a harmonic potential with a single fmuostant

to account for pair-wise interactions between ajl &oms that are within a cutoff
distance (R=10A). The energy in the elastic network representation is

1
E == YC(d.
networ k [
2d0<R; J
where ¢ is the distance between the dynamical coordinates of tfao@hsi andj, and
doi,- is the distance between, @tomsi andj, as given in the crystal structure. For the
harmonic Hamiltonian in Eq(1) we perform the standard normal modesanéNMA).
The eigenvectors of the lowest frequency normal modes are usedpatedhe overlaps
with the conformational changes between two states with known stsig¢#ineng &
Doniach, 2003).

2

2. Assessing the effect of point mutation on normal modes

To probe the effect of a point mutation of a residue R (at positi@m rg functionally
relevant normal mode M, we calculate the response of the springected to R to a
local perturbation. The harmonic springs connected to R are changed byl araount
ok. This local perturbation can be experimentally achieved by poirations. The
response to the perturbation in the frequency of mode M is calculaitegl dss(M,
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n)=v,,' [BH ¥,, where v is the eigenvector of mode M adH is the Hessian matrix of

the following perturbation to the energy of the elastic network

1
Eg=, L&, olgj)2 )

R do <R:

The responseSw(M, n) is numerically proportional to the contribution to mode M’s
elastic energy from the springs that are connected to residae @®sition n. This
procedure is reminiscent of the work by Brooks and Karplus (Brooks glisad 985.
The higherdw(M, n) is, the more sensitive is mode M to the point mutationsifue R.

It is, therefore, natural to conjecture that residues with bigtM, n) are likely to be
conserved evolutionarily if the mode M is associated with a bia@bdimction that
requires coordination of the molecule’s conformational changes.

To quantitatively test our hypothesis, we use the following procedure:
a. Perform multiple sequence alignment, with default setting @npeters, using Psi-
Blast (Altschul et al. 1997). For the ensemble of aligned protegunesees, compute the
information content using, =1og20+ Z p,(n)log(p.(n)) , wherep, (n) is probability

i=1...20
of substitution by amino acid i at position n. A large information vaheans that a
residue at position n is highly conserved,;
b. For all positions of the given protein sequence, compute the average <S> and the
standard deviatioasover all N positions:

2.S 2.(S ~(s)°

<S> — i:l,NN , O = i=1,..N N . (3)
c. Compute <Szwhich is a weighted average of information for all positions using
DS, bw (M, j)
S = j=L..N : . (4)
j=1,..N

d. Calculate the weighted Z sco#, = M 5)
: - :

S
A positive value of £ implies a statistically positive correlation between S a®dOn
the other hand, a negative or near-zerp iddicates a negative or zero correlation
between them.

We identify Functionally relevant modes using the crystal strestior two states (initial
state and end state) of the protein. The modes that overlap sigtijffiovith the
measured conformational changes between two known structures aranteld/e
computedw(M, n) and corresponding,Zonly for the structure associated with the initial
state. This is because the normal modes computed from this strgciueen the
transition. Empirically it is known that NMA gets better oapd when the transition is
from open to closed conformations (Tama and Sanejouand, 2001).

To assess if there is a correlation between Sanave perform a coarse-grained average
of S anddw. For each residue, we average the S&andver a set of residues including
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itself and all its spatial neighbors. This averaging allows to ifgecitisters of highdw
residues that correspond to peaks in the aver&@esk a function of sequence position
(each peak has a center residue which has a local maximbdw).&@imilarly, clusters of
conserved residues that correspond to peaks in the averaged Sdmsterbened. The
regions where the averaged S &dmatch are assumed to be significant to the function
associated with the given mode. Use of average value of Siiegubecause we want to
compare with dw which is computed using only the coarse-grained structural
representation. The position-specific cross-correlation cosficfor a segment of
sequence centered at the given position is computed using

jai-wW/2,i+W/2] W j[[i—W/Z,i+W/2]W Ji-W /2,i+W /2] W

CC(i,W) =
s? s dw (M, j)? ow (M, )
o W e W e W Vi W
Jai-W /2,i+W/2] W Ji-W/2,i+W /2] W Ji-W /2,i+W /2] W Ji-W /2,i+W /2] W
, (6)

using W=50 as the window size. Significant valueCai(i,W) (say CC>0.5) serves as a

guidance for detecting regions with positive correlation betweeand S. Negative or
near-zero value of CC indicates negative or weak correlation between them.

After identifying the regions with matching peaks (or significant 6€tyveendw and S,
we calculate the averages (denoted agdw) ) for the identified regions. We select high-

Oow residues as those withw= 2<5a)> (here the factor 2 is arbitrgryThe selected high-

Ow residues are then classified into clusters corresponding idehgfied peaks in the
plot of the averagedw as a function of sequence position. Each Rd@hresidue is
assigned to a cluster if it is a sequential neighbor of its ceesegdue. In case where
sequential neighbor criterion does not apply, we use spatial neighbor criterion.

We partitiondw for a given residue i further into elastic energy stored in garagsthat
links i to its neighbors j within &10A (denoted a$wy), which can be ranked and
analyzed statistically for all pairs of residues withig=FOA (excluding j=i+1). We

compute the average over all pa(ré(qj>, and retain only those pairs withw;

significantly larger that the average (for exampig = 2<54qj>). These ‘high-ranking’

pair-wise links not only contribute to highw values of hinge region residues, but also
connect them together to form a network via dynamically impor{aait-wise
interactions. This network plays a critical role in trangngtiocal perturbations due to
ligand binding to other regions so that the functionally important hinge madiorbe
initiated.

3. Applications:
The above general strategy to identify the network of dynarmicafortant residues for
a specific mechanical function is applied to study the open/closesitton in a number

of DNA/RNA polymerases. The specific structures used herdisied in Table 2. For
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each structure we test for correlation between Sdamgalues to find regions that are
linked dynamically in the open/closed transition.
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Figure Legends
Figure 1. Analysis of the ENM for Taq pol I.

(A) Panel 1 showsw (residue dependent response to local perturbation) in mode #4.
Numbers 1-8 denote clusters of residues with Righvalues centered at positions 613,
638, 667, 697, 721, 754, 785, 813, respectively. Panel 2 shownesttiee information S
calculated using multiple sequence alignment with PsiBlast. The hagingerved 8
clusters of residues (1-8) also have hiyhvalues (compare panels 1 and 2). The
position-specific cross-correlation coefficient betwe®n and S, with the red line
representing CC=0.5 in the third panel, shows significant correlagbmeen residues

with high S andw. The fourth panel shows the amplitude of displacement of mode #4
(blue) and the amplitude of the measured conformational change (green).

(B) Panel 1 shows the structural alignment of 3KTQ (gray) witiQKcolor change

from blue to red indicates increasedw). The O helix (residues 660—671) is shown as
cylinder, and the O1 helix (residues 674-679) and the O2 helix (residue€98B@re
pointed by arrows. The highw residues (Q613, F667, 1638, E615, L813, L616, D785,
A814, Q754, D610, N666, L670, L622, M747, V810, V669, 1614, E721, P812, G809,
L723, Y611, R617, F632, V720, E626, G725, L619, G672, F697, S612, F749, in order of
descendingdw) are shown, and the 8 center residues are numbered. Panel 2 shows the
enlarged side-view of the hinge region (structure in the box in Ravehere the high-

dw residues are numbered and shown as space filled circlesolbing iepresent clusters:
1-red, 2-yellow, 3-green, 4-orange, 5-grey, 6-cyan, 7-blue, 8-magdreatop ranking

links within 10A between clusters are shown as dashed lines (See Methods).

Figure 2. Results for T7 RNA pol.

(A) Panel 1 showsw for mode #1. Numbers 1-8 denote clusters of residues withdhigh
values centered at positions 539, 572, 640, 688, 741, 781, 812, 830, vespethe
residue information is shown in panel 2. See caption to Figure 1 for further explanation of
the remaining panels.

(B) Panel 1 shows the structural alignment of 1CEZ (gray) 8RO (same color code

as in Figure 1b). Helix Y is shown as cylinder. The Rdghresidues (S539, N781, S541,
D812, M635, G640, T688, G572, P780, Y571, A638, Y639, S684, D537, V690, G538,
Q568, K741, S641, H784, S686, R557, 1810, V841, P730, K642, E830, E683, V567,
V687, G542, P742, P563, V554, K577, K793, V685, D770, D569, V796, T835, C540,
N697, A691, L680, L561, W682, N762, E553, V783, Q649, A548, A558, in order of
descendingdw) are shown, and the 8 center residues are numbered. Panel 2 shows the
enlarged side-view of the hinge region (structure in the box in Rauvehere the high-

dw residues are numbered and shown as space filled circlesolbng iepresent clusters:
1-red, 2-yellow, 3-green, 4-orange, 5-grey, 6-cyan, 7-blue, 8-magdreatop ranking

links within 10A between clusters are shown as dashed lines (See Methods).

Figure 3. Summary of findings for p@.
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(A) Panel 1(5) showaw for mode #1 (#3). For mode #3, numbers 1-6 denote clusters of
residues with highdw values centered at positions 152, 180, 228, 268, 296, 333,
respectively. Panel 2(6) shows thesidue information S. For mode #3, the highly
conserved 6 clusters of residues (1-6) also havedugralues (compare panels 5 and 6).
See caption to Figure 1 for further explanation of the remaining panels.

(B) Panel 1 shows the structural alignment of 1BPY (gray) with 1BPX (saloecode

as in Figure 1b). Helix N is shown as cylinder. The hdghresidues (L228, 1260, G268,
H135, Y296, D226, S180, F272, D192, T227, G179, G184, K262, R258, D263, R152,
G189, D190, Y265, V193, F146, V215, R254, L259, F181, E147, R333, in order of
descendin@w) are shown, and the 6 center residues are numbered. Panel 2 shows the
enlarged side-view of the hinge region (structure in the box in Panel 1) wherghhe hi

ow residues are numbered and shown as space filled circlesolbing iepresent clusters:
1-red, 2-yellow, 3-green, 4-orange, 5-pink, 6-cyan. The top ranking links within 10A
between clusters are shown as dashed lines (See Methods)

Figure 4. Analysis of the ENM for HIV-1 RT.

(A) Panel 1 showsw for mode #4. Numbers 1-7 denote clusters of residues withdhigh
values centered at positions 65, 74, 91, 116, 126, 157, 185, respectivnely2Bhows

the residue information S. The highly conserved 7 clusters of residu@sglso have
high dw values (compare panels 1 and 2). See caption to Figure 1 for furthanabqnh

of the remaining panels.

(B) Panel 1 shows the structural alignment of 1RTD (gray) MN5Y (same color code

as in Figure 1b). The closing of the outer part of the fingers (the5®afy in particular)
toward the palm is shown. The higwresidues (P157, L74, G152, Q151, F116, V75,
Q91, Al114, K126, F124, R72, K65, Q85, Y115, D121, V90, F61, D185, A158, Q161,
P150, H96, in order of descendid@) are shown, and the 7 center residues are numbered.
Panel 2 shows the enlarged side-view of the hinge region (structire box in Panel 1)
where the highdw residues are numbered and shown as space filled circles. [Bing co
represent clusters: 1-red, 2-yellow, 3-green, 4-orange, 5-pink,mg-@yblue. The top
ranking links within 10A between clusters are shown as dashed lines (Jemib)et

Tables

Table L Summary of the results for the NMA basedlcalculation for 4 polymerases.

Name Conformationgl Dominant | Overlap | Zy,
change (PDB) | mode #

TAQ DNA | 2KTQ 3KTQ |4 0.50 0.28

pol |

T7 RNA 1ARO 1CEZ | 1 0.66 0.42

pol |

Human/Rat 1BPX 1BPY |1 0.71 0.04

DNA pol B 3 0.49 0.13

HIV-1 RT | IN5Y 1RTD | 4 0.51 0.35
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Table 2.List of crystal structures of DNA/RNA polymerases used in the present study.

Proteins PDB (state)

(family name)

Thermus aquaticus (TAQ) DNA pol | 2KTQ (open ternary: DNA)

(pol A/pol 1) 3KTQ (closed ternaryddCTP+DNA)
Phage T7 RNA pol 1ARO (binary: T7 lysozyme)
(RNA pol mono-subunit) 1CEZ (open binary: promoter)
Human/Rat DNA pop 1BPX (binary: DNA w/ gap)

(pol X/pol B) 1BPY (ternary: ddCTP+DNA)
HIV-1 reverse transcriptase INSY (binary)

(RT) 1RTD (closed ternary)
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